Abnormalities in prefrontal gamma aminobutyric acid (GABA)ergic transmission, particularly in fast-spiking interneurons that express parvalbumin (PV), are hypothesized to contribute to the pathophysiology of multiple psychiatric disorders, including schizophrenia, bipolar disorder, anxiety disorders and depression. While primarily histological abnormalities have been observed in patients and in animal models of psychiatric disease, evidence for abnormalities in functional neurotransmission at the level of specific interneuron populations has been lacking in animal models and is difficult to establish in human patients. Using an animal model of a psychiatric disease risk factor, prenatal maternal immune activation (MIA), we found reduced functional GABAergic transmission in the medial prefrontal cortex (mPFC) of adult MIA offspring. Decreased transmission was selective for interneurons expressing PV, resulted from a decrease in release probability and was not observed in calretinin-expressing neurons. This deficit in PV function in MIA offspring was associated with increased anxiety-like behavior and impairments in attentional set shifting, but did not affect working memory. Furthermore, cell-type specific optogenetic inhibition of mPFC PV interneurons was sufficient to impair attentional set shifting and enhance anxiety levels. Finally, we found that in vivo mPFC gamma oscillations, which are supported by PV interneuron function, were linearly correlated with the degree of anxiety displayed in adult mice, and that this correlation was disrupted in MIA offspring. These results demonstrate a selective functional vulnerability of PV interneurons to MIA, leading to affective and cognitive symptoms that have high relevance for schizophrenia and other psychiatric disorders.
INTRODUCTION
Abnormalities in prefrontal cortical gamma aminobutyric acid (GABA)ergic interneurons are hypothesized to be integral to the pathophysiology of several psychiatric disorders, including schizophrenia, bipolar disorder, anxiety disorder and depression. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] This hypothesis is based on post-mortem histological findings and in vivo imaging results. In schizophrenia, mRNA and protein reductions in glutamate decarboxylase 67 (GAD67), an enzyme responsible for the synthesis of GABA, have been consistently identified in layer 3 of the prefrontal cortex (PFC). [9] [10] [11] [17] [18] [19] Alterations in other GABAergic markers have also been shown, including the GABA transporter, vGAT1 and the GABA receptor subunits, GABA A α1, α2 and δ. [17] [18] [19] [20] [21] Furthermore, in vivo brain imaging studies have found alterations in prefrontal GABA levels and GABA A receptor binding in schizophrenia. 13, 22 While less well studied, histological alterations in GABAergic markers as well as reductions in prefrontal GABA and GABA A receptor binding have also been reported in other psychiatric disorders, including bipolar disorder, depression and anxiety disorder. 1, 2, [4] [5] [6] [7] [8] [14] [15] [16] GABAergic interneurons show a remarkable diversity of both form and function, and a variety of populations can be distinguished histologically based on their expression of molecular markers. [23] [24] [25] In schizophrenia, substantial interest has focused on a population of interneurons that express the marker parvalbumin (PV) because histological and protein expression abnormalities are most frequently seen in this interneuron population. 10, 19, 26, 27 Similar reductions in PV have also been observed in bipolar disorder and depression, while PV changes in anxiety disorder remain unexplored. 1, 28, 29 PV interneurons have generated high interest as they are essential for the production of cortical oscillations in the gamma frequency , a physiological measure of brain function that is thought to support cognitive processes including working memory and attentional set shifting. [30] [31] [32] [33] [34] [35] [36] [37] In contrast, histological alterations have not been seen in a separate population of interneurons that express the molecular marker, calretinin (CR). 10, 17, 19, [38] [39] [40] Despite this extensive evidence documenting abnormalities in the prefrontal GABAergic system, and in particular in PV interneurons, it remains unclear whether the histological and imaging alterations reflect functional changes in prefrontal GABAergic transmission, and if so, which populations of interneurons are affected.
Our ability to assess the function of prefrontal GABAergic interneurons, particularly at the level of individual interneuron subpopulations, is limited in humans. Moreover, in humans it is nearly impossible to causally relate cell-type-specific dysfunction to behavioral symptoms. Animal models of genetic or environmental risk factors for psychiatric disorders provide a complementary approach to assay functional changes in specific types of prefrontal cortical GABAergic interneurons, as well as their relevance to behavior.
Here, we have chosen to model an environmental exposure, prenatal infection and subsequent maternal immune activation (MIA), because substantial epidemiological evidence supports MIA as a risk factor for the in utero offspring later developing psychopathology. Associations between MIA and offspring risk of schizophrenia and bipolar disorder have been found in prospective birth cohort studies, including those that used archived maternal serum samples during the pregnancy to serologically validate infection status. [41] [42] [43] Preliminary associations, based on retrospective data or ecological studies, have also been reported between MIA and depression and anxiety disorder. 44, 45 As MIA is a common exposure, findings from this model will be relevant to a considerable proportion of people with these illnesses. 41 MIA can be modeled with high construct validity in mice by infecting pregnant dams with live virus or by activating the maternal immune system via injection of double-stranded RNA (Poly IC). 46 Importantly, histological abnormalities in GABAergic markers in the mPFC have already been reported in adult MIA offspring, although effects on functional GABAergic transmission have never been assayed in vitro or in vivo at the level of specific interneuron populations. 47 We therefore used a murine MIA model, in combination with electrophysiological studies, to investigate whether prenatal MIA affects the functioning of prefrontal GABAergic interneurons in adult offspring.
We found that pyramidal cells in layer 2/3 of the mPFC of adult MIA offspring receive reduced GABAergic transmission. Using optogenetic tools in combination with cell-type-specific gene targeting, we found that functional inhibitory transmission between PV interneurons and pyramidal cells was dramatically reduced, whereas transmission from CR and somatostatin (SST) containing interneurons was not altered.
Since cortical interneuron function has been implicated in regulating cognitive processes, as well as affective behaviors, we assessed MIA offspring in tasks addressing these behaviors. Adult MIA offspring displayed deficits in attentional set shifting, but did not reveal any impairment in two independent working memory tasks. Additionally, we found that adult MIA offspring displayed increased anxiety-like behavior. Intriguingly, optogenetic inhibition of prefrontal PV interneuron function was sufficient to recapitulate both the deficit in attentional set shifting and the increase in anxiety-like behavior seen in adult MIA offspring. PV interneurons are essential for gamma oscillations, 32, 34 and prefrontal gamma oscillations have been shown to support attentional set shifting behavior, 37 although a role in anxietyrelated behaviors has not been explored. Therefore, we measured oscillatory activity within the PFC in mice performing an anxietyrelated task, the elevated plus maze (EPM). We found that cortical gamma power was correlated with anxiety-like behavior in the EPM and this relationship was disrupted in MIA offspring. Our results indicate a selective vulnerability of the PV class of inhibitory interneurons to MIA leading to impairments in set shifting and enhanced anxiety levels via disruption of highfrequency neuronal activity.
MATERIALS AND METHODS
A brief summary of experimental procedures is provided here with additional details available in the Supplementary Information accompanying this article. Additionally, Supplementary Table S1 provides an overview of the number of animals used for the various experiments; for comparisons of MIA and Saline offspring, the number of litters used to generate the experimental mice is also included.
Animal husbandry
All animal procedures were approved by Columbia University's Animal Care and Use Committee. C57/bl6 (Jackson Labs, Bar Harbor, ME, USA; Stock #000664) matings were used to produce offspring for miniature inhibitory postsynaptic current (mIPSC) and spontaneous inhibitory postsynaptic current (sIPSC) physiology, histology, animal behavior and cytokine analyses. Parvalbumin Cre (PV-Cre; Jackson Stock #008069), calretinin Cre (CR-Cre; Jackson Labs; Stock #010774) or somatostatin Cre (SST-Cre; Jackson Labs; Stock #013044) males were bred with homozygous Floxed-Stop-ChannelRhodopsin2-YFP (Jackson Labs; Stock #012569) females to produce offspring that were used for optogenetic electophysiology experiments. Adult (8-to 12-week-old) PV-Cre mice were used for viral injections (bilateral injection of 0.4 μl of AAV5-DIO-ef1α-eArch3.0 or AAV5-DIO-hSYN-GFP; UNC Vector Core, Chapel Hill, NC, USA) and implantation with optic fibers (0.22 numerical aperture (NA)) for in vivo optogenetic behavioral experiments. Animals were allowed to recover for 5 weeks prior to behavioral testing. Animals were fed ad libitum and reared under normal lighting conditions (12/12 light/dark cycle), unless otherwise noted. Adult (P90-110) male and female MIA and Saline offspring were used for electrophysiology experiments (no effects of gender were seen); adult (4P90) male mice were used for behavior and histology. A subset of adult male MIA and Saline offspring that completed behavioral testing were subsequently used for in vivo local field potential (LFP) recordings. An additional group of 12 adult male 129 SvEvTac (Taconic, Rensselaer, NY, USA) mice were used for LFP recordings correlating gamma and open arm time.
Drugs
Polyinosinic-polycytidylic acid (Poly IC; Sigma-Aldrich, St. Louis, MO, USA; P9582) was prepared as a stock solution of 0.5 mg ml − 1 (calculated based on the weight of Poly IC alone). Pregnant dams bearing embryos received either an intravenous injection of 1 mg kg − 1 Poly IC or vehicle (physiological Saline) solution on embryonic day 9 (e9). For electrophysiology, 20 μM 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt (CNQX; Tocris Bioscience, Ellisville, MO, USA), 50 μM D-(− )-2-amino-5-phosphonopentanoic acid (Tocris Bioscience), 2 μM tetrodotoxin citrate (Tocris Bioscience) and 20 μM ( − )-bicuculline methiodide (Tocris Bioscience) were added to the perfusate where noted.
Cytokine assay
Cytokines (interleukin-6 (IL-6) and tumor necrosis factor-α (TNFα)) were measured using Milliplex MAP Mouse cytokine/chemokine assay (Invitrogen, Waltham, MA, USA) on a Luminex System (Luminex Corp, Austin, TX, USA) from the serum collected from pregnant dams 3 h following intravenous injection of Poly IC (1, 2.5 or 5 mg kg −1 ) or Saline on e9.
Electrophysiology
Whole-cell current and voltage clamp recordings were performed in layer 2/3 pyramidal cells and fast-spiking PV-expressing interneurons in the prelimbic (PrL) region of the mPFC. Recordings were obtained with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA) and digitized using a Digidata 1440A acquisition system (Molecular Devices) with Clampex 10 (Molecular Devices) and analyzed with pClamp 10 (Molecular Devices). Following decapitation, 300 μM slices containing mPFC were incubated in artificial cerebral spinal fluid containing (in mM) 126 NaCl, 2.5 KCl, 2.0 MgCl 2 , 1.25 NaH 2 PO 4 , 2.0 CaCl 2 , 26.2 NaHCO 3 and 10.0 Dglucose, bubbled with oxygen, at 32˚C for 30 min before being returned to room temperature for at least 30 min prior to use. During recording, slices were perfused in artificial cerebral spinal fluid (with drugs added as detailed below) at a rate of 5 ml min − 1 . Electrodes were pulled from 1.5 mM borosilicate-glass pipettes on a P-97 puller (Sutter Instruments, Novato, CA, USA). Electrode resistance was typically 3-5 MΩ when filled with internal solution consisting of (in mM): 130 K-gluconate, 5 NaCl, 10 HEPES, 0.5 EGTA, 2 MgATP and 0.3 NaGTP (pH 7.3, 280 mOsm). mIPSC and sIPSC recordings. Pyramidal cells were visually identified based on their shape and prominent apical dendrite at × 40 magnification under infrared and diffusion interference contrast microscopy using an inverted Olympus BX51W1 microscope (Olympus America, Center Valley, PA, USA) coupled to a Hamamatsu C8484 camera (Hamamatsu, Middlesex, NJ, USA). sIPSCs were recorded in voltage clamp at a holding potential of − 70 mV using an intracellular solution containing (in mM): 136.5 KCl, 10 HEPES, 0.5 EGTA, 2.0 MgATP and 0.3 NaGTP (pH 7.3, 280 mOsm). Twenty micromolar CNQX and 50 μM D-(− )-2-amino-5-phosphonopentanoic acid were added to the bath to block glutamatergic currents. Sixty seconds of the current recording were filtered with an eight-pole low-pass Bessel filter and sIPSCs were detected using MiniAnalysis (Synaptosoft, Fort Lee, NJ, USA). Events with an amplitude greater than five times the root mean square baseline noise were included; all event data were averaged by cell. mIPSCs were recorded and analyzed as above but 2 μM tetrodotoxin citrate was added to the bath during recording. Twenty micromolar bicuculline methiodide was added to the bath to verify whether the m/sIPSCs were GABA A -mediated.
Optogenetic stimulation experiments. Pyramidal cells were visually identified based on their shape and prominent apical dendrite at x40 magnification under infrared and diffusion interference contrast microscopy using an inverted Olympus BX51W1 microscope coupled to a Hamamatsu C8484 camera. The recorded cell was placed in the center of the field of view, held at −70 mV in voltage clamp and the response to a current evoked by a 5-ms pulse of blue light (470 nm) applied by a lightemitting diode (LED; CoolLED Olympus America) was recorded. The intensity of the LED was set at 5% of maximum intensity. The current trace was filtered with an eight-pole low-pass Bessel filter and the difference between the baseline and the maximum light-evoked current response was recorded. If the magnitude of the response was greater than two times the root mean square noise, it was considered a significant response. For presynaptic release probability experiments, four 5-ms pulses of the LED at 5% maximum intensity were applied at a frequency of 20 Hz and the response to each of the pulses was analyzed as above.
In vivo optogenetic behavior
Lasers emitting green light (532 nm) at 10 mW were connected via patchcords to a rotary joint that was then connected via patchcords (200 μm, 0.22 NA) to the light fibers implanted in the animal's head to activate eArch3.0. Mice were randomized to receive light ON or OFF in a counterbalanced fashion.
In vivo neurophysiology
A subset of adult male MIA and Saline offspring used for behavioral testing were subsequently unilaterally implanted with a 75 -μm tungsten electrode in the PrL region of the mPFC (AP +1.8, ML +0.3, DV − 1.8) that was cemented directly to the skull during surgery and attached to a 16-channel electronic interface board (EIB-16; Neuralynx, Bozeman, MT, USA). In vivo LFP recordings were performed while the animals were in the EPM. Recordings were obtained via a unitary gain head-stage preamplifier (HS-16; Neuralynx) attached to a fine wire cable. Field potential signals from the mPFC were recorded against a screw implanted in the anterior portion of the skull. LFPs were amplified, bandpass filtered (1-1000 Hz) and acquired at 2000 Hz. LFP data were acquired with Lynx 8 programmable amplifiers on a personal computer running Cheetah data acquisition software (Neuralynx). The animal's position was obtained by overhead video tracking (30 Hz) of a LED affixed to the head stage.
LFP data were imported into Matlab using custom-written software. Gamma power was calculated using the Welch's modified method of spectral estimation (pwelch; Matlab MathWorks, Natick, MA, USA) using a 1 s sliding window of 90% overlap, using 4000 fast Fourier transformations. Mean gamma was calculated for the canonical range of 30-80 Hz. Mean gamma and open arm time was calculated for 10 min in the EPM for Saline and MIA mice and 129 SvEvTac mice. Electrode locations were confirmed to be within the PrL PFC based on location of electrolytic lesions.
Histology
Adult mice were perfused with phosphate-buffered saline followed by 4% paraformaldehyde in phosphate-buffered saline and the brains were post-fixed in 4% paraformaldehyde overnight. Brains were sectioned serially at 50 μm on a vibratome (Leica, Buffalo Grove, IL, USA). The following primary antibodies were used: Parvalbumin (PV; Sigma, P3088, Behavior MIA and Saline offspring were compared on the EPM, open field, attentional set shifting task, delayed alternation operant task and the delayed non-match to sample t-maze. Optogenetic experiments were performed in the EPM and attentional set shifting task. Neurophysiology experiments were performed in the EPM.
Statistical analysis
Data were analyzed using Prism (GraphPad, La Jolla, CA, USA). For comparison of two groups, two-tailed Student's t-tests were used where the data were normally distributed and Mann-Whitney tests were used where the data were not normally distributed. We assessed the variance between groups and if it was unequal, a statistical correction was applied. For comparison of categorical data, a Fisher's exact test was used. For comparison of repeated measurements, 42 groups, or multiple variables, one or two-way analysis of variance (ANOVA) was used if the data were normally distributed and a Kruskill-Wallis test was used if it was not. Power analyses were conducted to estimate sample sizes. In the text, data are reported as the mean ± standard error of the mean. Box and whisker plots depict the median with a line, the first and the third quartiles with the ends of the box and the maximum and minimum at the ends of the whiskers. Bar graphs depict the mean ± standard error of the mean.
RESULTS
Animal models of MIA differ in the dose of Poly IC delivered, the route of administration and the time during pregnancy when the drug is administered. We chose to deliver the drug on e9 of a mouse pregnancy because this is analogous to the late first/early second trimester period in a human pregnancy, which has been identified as a window of increased vulnerability to the effects of infection in the developing offspring in the human epidemiological literature. 41, 48 Based on our dose-response assay of the effects of intravenously administered 1, 2.5 and 5 mg kg − 1 of Poly IC on maternal inflammatory cytokines 3 h following injection, as well as on maternal and fetal outcomes, we selected 1 mg kg − 1 as the optimal dose to robustly induce MIA in our animal facility ( Table 1 , comparable to levels reported in the literature 49 ) while not grossly increasing maternal or fetal deaths ( Table 2) . Prenatal MIA decreases GABAergic transmission between PV-expressing interneurons and pyramidal cells in the mPFC of adult offspring Next, we sought to ascertain which interneuron population is responsible for the deficits in functional GABAergic transmission in MIA offspring. To measure functional GABAergic connectivity between different populations of prefrontal interneurons and their postsynaptic pyramidal cell targets, we selectively expressed the light-sensitive cation channel, Channelrhodopsin2 (ChR2), fused to YFP in PV, CR and SST-expressing prefrontal interneurons using timed matings between floxed ChR2 females and PV-Cre, CR-Cre or SST-Cre males. Pregnant females were injected on e9 with either 1 mg kg − 1 of Poly IC or Saline, producing MIA and Saline offspring on a PV-ChR2, CR-ChR2 or SST-ChR2 background. We verified the selectivity of the PV-Cre mouse by performing double immunohistochemistry for the ChR2-YFP fusion protein and PV. Virtually all (97%) of ChR2-YFP positive neurons co-expressed PV (Figure 2b and Supplementary Table S2 ). Pyramidal cells were patched in slices containing the PrL mPFC, held at − 70 mV while a 5-ms pulse of blue light (470 nm) was applied to the field of view, and the resulting amplitude of the inhibitory light-evoked postsynaptic current (le-IPSC) was used as a proxy for PV-pyramidal cell functional connectivity. We confirmed the observed le-IPSC was mediated by GABA, as it was blocked by 20 μM bicuculline ( Supplementary Figures S1A and  B ). We found that the amplitude of le-IPSCs evoked by stimulation of PV interneurons was significantly reduced in MIA offspring (Figures 2c and d ; Saline, 58.30 ± 6.71 pA, n = 26 cells from 9 animals; MIA, 21.99 ± 6.17 pA, n = 37 cells from 10 animals; Mann-Whitney test: P o0.001). Under our recording conditions, 100% of the pyramidal cells patched from our Saline offspring had a significant le-IPSC response (defined as a le-IPSC amplitude 42 × the standard deviation of the baseline noise). However, only 63% of the pyramidal cells recorded from MIA offspring had a significant le-IPSC (Figure 2e ; Fisher's exact test: P o 0.001). This loss of functional GABAergic transmission between PV and pyramidal cells in MIA offspring was not due to a decreased ability of ChR2 to activate PV interneurons in MIA offspring as light-evoked spiking in PV-ChR2 cells was comparable in MIA and Saline offspring ( Figure 2f ; Saline, 2.95 ± 0.21 spikes, n = 12 cells from eight animals; MIA, 2.75 ± 0.12 spikes, n = 15 cells from eight animals).
Prenatal MIA does not alter GABAergic transmission between CR and SST-expressing interneurons and pyramidal cells in the mPFC of adult offspring
To determine whether this change in functional connectivity was selective for PV interneurons, we measured le-PSCs in MIA and Saline offspring on a CR-ChR2 background. We first verified the selectivity of the CR-ChR2 mouse by performing double immunohistochemistry for the ChR2-YFP fusion protein and CR. Virtually all (92%) of ChR2 positive neurons co-expressed CR (Figure 2h and Supplementary Table S3 ). Due to the possibility of overlap between CR-ChR2-expressing neurons and SST or VIP expression, we quantified the percentages of ChR2-expressing cells that express either SST or VIP in CR-ChR2 mice. We found no ChR2-expressing cells co-expressed SST although 36% of ChR2expressing cells also expressed VIP ( Supplementary Table S3 ). Using CR-ChR2 mice, the net le-PSC in pyramidal cells at a holding potential of − 70 mV in response to 5 ms of blue light stimulation of CR interneurons was surprisingly excitatory, rather than inhibitory (Supplementary Figure S1C ). This is likely due to disinhibition of other interneuron populations. Disinhibitory circuits have been described in PFC mediated by interneurons that express VIP. 50 These VIP interneurons primarily synapse onto SST interneurons, and, to a lesser extent, PV interneurons, resulting in a net disinhibition of pyramidal cells when VIP cells are activated. 50 While the local connectivity of CR interneurons has not been studied, we have found abundant overlap between somatic expression of CR-driven ChR2 and VIP, in keeping with the results of prior studies. 51, 52 Thus, by stimulating CR interneurons we may be activating the same disinhibitory circuit engaged by activation of a subpopulation of VIP cells.
Although the net effect of activating CR interneurons is to disinhibit pyramidal cells, it is possible to isolate inhibitory connections made by CR interneurons onto pyramidal cells by performing the CR stimulation experiments in the presence of 20 μM CNQX and 50 μM D-(− )-2-amino-5-phosphonopentanoic acid at a holding potential of −50 mV, to maximize the driving force on chloride. We confirmed that the observed le-IPSC under these conditions was mediated by GABA by blocking it with 20 μM bicuculline ( Supplementary Figures S1D and E Poly IC administered on embryonic day 9 dose-dependently increased maternal and fetal deaths.
Maternal immune activation and prefrontal GABA S Canetta et al from four animals). In both MIA and Saline offspring, 100% of the pyramidal cells tested displayed significant current responses ( Figure 2k ). We also confirmed that light stimulation evoked a comparable number of spikes in CR-ChR2 cells in MIA and Saline offspring ( Figure 2l ; Saline, 1.90 ± 0.68 spikes, n = 5 cells from four animals; MIA, 2.45 ± 0.47 spikes, n = 6 cells from two animals).
We also looked at light-evoked currents from SST cells, a third population distinct from PV-ChR2 and CR-ChR2 positive neurons, in a limited number of MIA and Saline offspring on an SST-ChR2 background. Similar to currents from PV-ChR2 cells, light-evoked currents from SST-ChR2 cells were inhibitory at a holding potential of − 70 mV, although the size of the light-evoked current from SST-ChR2 cells was smaller in amplitude. We did not detect a difference in the amplitude of light-evoked currents from SST-ChR2 cells between Saline and MIA offspring ( Supplementary  Figures S2B and C; Saline, 22 .03 ± 4.359 pA, n = 7 cells from two animals; MIA, 25.76 ± 13.48 pA, n = 10 cells from three animals). As with PV and CR cells, light-evoked comparable levels of spiking in SST cells in MIA and Saline offspring (Supplementary Figure S2E ; Saline, 2.67 ± 0.67 spikes, n = 3 cells from two animals; MIA, 2.0 ± 0.0 spikes, n = 1 cell from one animal). Thus, GABAergic transmission from PV, but not CR or SST, interneurons onto pyramidal cells in the mPFC is selectively decreased in MIA offspring.
Prenatal MIA decreases release probability at PV interneuronpyramidal cell synapses in the mPFC of adult offspring Decreases in functional transmission between PV interneurons and pyramidal cells could result from anatomical or physiological causes. To assess whether MIA offspring have less PrL mPFC PV interneurons, we conducted stereological counts of PV cells in that region from eight Saline and nine MIA offspring. We found no reduction in the total number of PV cells in MIA offspring (Supplementary Figure S3A ; Saline, 1467 ± 122 cells, n = 8 animals; MIA, 1362 ± 203 cells, n = 9 animals) or in their cell density (Supplementary Figure S3B ; Saline, 1.81 ± 0.09 cells/counting frame, n = 8 animals; MIA, 1.73 ± 0.16 cells/counting frame, n = 9 animals). Similarly, when we quantified inputs from PV interneurons to pyramidal cells by counting perisomatic puncta identified with either PV or the presynaptically enriched GABAergic marker, GAD65, we found no change in MIA offspring (Figure 3 Physiologically, a reduction in release probability at PV-pyramidal cell synapses could result in decreased PVpyramidal cell functional connectivity. Therefore, we measured release probability at PV-pyramidal cell synapses by recording the le-IPSC amplitudes evoked by four 5-ms pulses of blue light delivered at 20 Hz while holding pyramidal cells in the PrL mPFC of MIA and Saline offspring on a PV-ChR2 background at a membrane potential of − 70 mV. Although for this analysis we only included cells where we were able to detect a significant le-IPSC, we still found an overall reduction in the le-IPSC amplitude in MIA offspring (Figure 3i Decreased release probability would result in a loss of functional GABAergic transmission, and therefore potentially underlies the PV functional phenotype in the MIA offspring.
One mechanism contributing to release probability is the amount of presynaptic GABA available for release. The GABAsynthesizing enzyme, GAD67, regulates the production of GABA, 53 and a reduction of GAD67 in PV cells has been shown to decrease both the frequency of spontaneous inhibitory currents in pyramidal cells of the PFC 54 as well as the strength of GABAergic currents in pyramidal cells evoked by prefrontal electrical stimulation. 55 Furthermore, GAD67 expression has been repeatedly shown to be reduced in the PFC of post-mortem tissue from patients with schizophrenia, 9, 11, [56] [57] [58] [59] [60] especially in PV-containing interneurons. 10, 27 Therefore, we measured GAD67 expression in PV interneurons in the PrL mPFC in adult MIA and Saline offspring. As GAD67 is expressed in both the cell soma as well as the presynaptic terminals, we chose to measure GAD67 in the clearly demarcated PV cell soma. We found a strong trend towards a reduction in the intensity of GAD67 staining in PV interneurons in adult MIA offspring (Figures 3k and l; GAD67 mean intensity (AU): Saline, 704.6 ± 86.85, n = 7; MIA, 518.2 ± 37.32, n = 7; t-test, P = 0.07), suggesting that physiological changes in GABA synthesis may contribute to the deficit in GABAergic transmission from PV cells in MIA offspring.
To assess whether alterations in intrinsic excitability of PV interneurons contribute to this decrease in PV GABAergic transmission we measured active and passive membrane properties of PV cells in adult MIA and Saline offspring (Supplementary Figure S4) . We found that the resting membrane potential, input resistance and sag ratio of PV cells were unchanged in MIA mice, but that their rheobase was decreased (Saline, 85.71 ± 7.68 pA, n = 14; MIA, 59.44 ± 5.57, n = 18; t-test, Po0.01) and their firing frequency as a function of input current was increased (two-way ANOVA, treatment by input current interaction, Po0.001), suggesting they are more excitable. Rather than contributing to decreased GABAergic transmission from PV cells, this change may reflect a compensatory alteration in the cells to accommodate for their decreased release probability (or vice versa).
Adult MIA offspring have intact spatial working memory but impaired attentional set shifting and increased anxiety levels Due to the hypothesized role of prefrontal PV interneuron function in working memory, we investigated whether adult MIA offspring show deficits in working memory tasks. We found that adult MIA offspring do not show impairments in either the delayed non-match to sample t-maze task (Figures 4a to c) , or an operant delayed alternation task (Figures 4d to g) , both of which probe working memory. In the delayed non-match to sample t-maze, MIA and Saline offspring acquired the task equivalently, reaching performance criterion of 70% accuracy on 3 consecutive days within 7 days (Figure 4b ; Saline, n = 8 animals; MIA, n = 9 animals). For all mice, performance decreased with increasing intratrial delays, but MIA and Saline offspring performed equivalently (Figure 4c ). In the operant delayed alternation task, we observed that MIA mice acquired the task faster than Saline offspring (Figure 4e ; two-way repeated measures ANOVA: trial day by treatment interaction, P o0.05, Saline, n = 15 animals, MIA, n = 18 animals). While accuracy for all mice decreased when the intratrial delay was increased from 2 to 16 s, Saline and MIA offspring performed equivalently at the 16 s delay (Figure 4f ). Similar to what was seen with initial task acquisition, MIA offspring acquired the task faster when the reward contingency was reversed (Figure 4g ; two-way repeated measures ANOVA: effect of treatment, P o0.01).
Recent work has established a role for prefrontal GABAergic interneurons in governing attentional set shifting, another prefrontal-dependent cognitive task that is also impaired in patients with schizophrenia. 37, 61 MIA and Saline mice reached criterion in the initial acquisition (IA) portion of the task in a comparable number of trials (Figure 4i ; Saline, 16.63 ± 1.76 trials, n = 8; MIA, 18.11 ± 2.29 trials, n = 9). However, in the set shifting (SS) portion of the task the Saline mice reached criterion in a significantly shorter number of trials than the MIA mice (Figure 4j ; Saline, 11.43 ± 0.72 trials, n = 7; MIA, 18.75 ± 2.34 trials, n = 8; t-test, Po 0.05; Note, 1 Saline and 1 MIA animal who completed the IA portion of the task did not complete the SS portion because of a loss of motivation to retrieve the rewards).
A role for prefrontal GABAergic interneurons in affective behaviors has also been hypothesized. 62 In keeping with this, we found that adult MIA offspring showed enhanced anxietyrelated behavior (Figures 4k to m Figure 4l ; Saline, 1.00 ± 0.52, n = 15 animals; MIA, 0.14 ± 0.02, n = 18 animals; Mann-Whitney: P o0.05) in the EPM to facilitate comparison with the optogenetic experiments where it was necessary to normalize to compare results from 2 days of repeated maze testing (see below). The total distance traveled by the mice was unchanged (Figure 4m ; Saline, 5.70 ± 0.50 m; MIA, 6.31 ± 0.46 m).
We verified the anxiety-like phenotype in the MIA offspring by using the open field task. MIA offspring spent significantly less time and distance in the center of the open field relative to the periphery as an indication of enhanced anxiety (Supplementary Figure S5A for time; Saline, 0.16 ± 0.01, n = 15; MIA, 0.11 ± 0.01, n = 18; t-test, P o 0.01; Supplementary Figure S5B for distance; Saline, 0.28 ± 0.02, n = 15; MIA, 0.21 ± 0.015, n = 18; t-test, Po 0.01).
Optogenetically silencing prefrontal PV interneurons impairs attentional set shifting and increases anxiety-related behaviors
To determine if impaired GABAergic transmission from prefrontal PV interneurons is sufficient to impair attentional set shifting and induce anxiety-related behaviors, we bilaterally injected the mPFC of PV-Cre mice with a virus that expresses the Figure 4 . Adult MIA offspring are not impaired in tests of working memory but show impairments in attentional set shifting and increased anxiety-related behaviors. (a) Diagram of the t-maze task. Each trial consisted of two runs. On the first run, mice are forced to either the left or the right arm, where they obtain a food reward. After a predetermined delay, during the choice run, the mice are allowed to choose either arm, but only selection of the opposite arm results in a food reward. (b) Adult MIA offspring learn the t-maze task comparably to Saline offspring. (c) Adult MIA offspring perform comparably to Saline offspring as the working memory load is increased in the t-maze task. (d) Flow chart of the delayed alternation task (see Supplementary Methods for details). (e) Adult MIA offspring acquire the delayed alternation task, using a 2 s intratrial interval, more rapidly than Saline offspring (treatment by trial day interaction, *P o0.05). (f) Adult MIA offspring perform comparably when the working memory load is increased by increasing the intratrial interval to 16 s in the delayed alternation task. (g) Adult MIA offspring acquire the reversal rule faster than Saline offspring (**P o0.01, effect of treatment). (h) Diagram of the attentional set shifting task. In the initial acquisition phase, mice must learn to associate an odor with the presence of a reward, irrespective of the bedding medium that is present. Once the animal reaches criterion (8 of 10 consecutive correct trials), it proceeds to the set shifting portion of the task where the animal must now learn that the bedding medium predicts the presence of a reward irrespective of the odor. (i) MIA and Saline offspring acquire the task in an equivalent number of trials. (j) MIA offspring take significantly longer to reach criterion in the set shifting portion of the task. (k) Representative paths taken by MIA and Saline offspring in the Elevated Plus Maze. (l) MIA offspring spend significantly less time in the open arms of the EPM relative to the closed arms although (m) they travel an equivalent distance overall in the task (see also Supplementary  Figure S5 ).
hyperpolarizing light-gated proton pump, eArch3.0, in a Credependent manner (AAV5-ef1α-DIO-eArch3.0; AP +1.8, ML ± 0.3, DV − 1.8). We bilaterally implanted the mPFC with optical fibers (AP +1.8, ML ± 0.3, DV − 1.2) and decreased mPFC PV interneuron activity during behavior using green light stimulation. Control mice were injected with a comparable GFP-expressing virus (AAV5-hSYN-DIO-GFP). In the set shifting task, all mice performed the IA portion with the light OFF. Directly following IA, half the mice were randomized to have the light ON during the SS portion of the task and half the mice to have the light OFF. On the next day, the animals received IA followed by a second version of the SS task counterbalanced for the light condition (Figure 5a ). The number of trials it took each animal to reach criterion for the SS portion of the task was compared when they had the light ON versus OFF. A comparison of the PV-GFP and PV-eArch3.0 mice in the set shifting portion of the task under light ON and OFF conditions using a two-way repeated measures ANOVA revealed a significant effect of virus treatment (Figure 5b , PV-GFP OFF, 10.83 ± 0.75 trials, n = 6; PV-GFP ON, 11.67 ± 1.50 trials, n = 6; PV-eArch3.0 OFF, 12.78 ± 1.50 trials, n = 9; PV-eArch3.0 ON, 18.22 ± 2.08 trials, n = 9; two-way repeated measures ANOVA, effect of virus, P o0.05). A subsequent post hoc comparison indicated that the PV-eArch3.0 ON group took significantly longer to complete the task than the PV-eArch3.0 OFF group (t-test, P o 0.05). We then tested the effects of inhibiting PV interneurons in the EPM task. Animals were tested twice, on two separate days, once with the light ON and once with it OFF, in a randomized, Gamma power correlates with anxiety measures in control mice and this correlation is disrupted in MIA offspring As PV interneuron function has been causally linked to gamma oscillations, 32, 34 we measured oscillatory activity in the mPFC in mice performing the EPM test. We found that overall mean gamma power was not significantly reduced in adult MIA offspring relative to Saline offspring in the EPM (Figure 5f ; Saline, 4.7 × 10 − 11 ± 0.6 × 10 − 11 V 2 /Hz, n = 5; MIA, 3.5 × 10 − 11 ± 0.6 × 10 − 11 V 2 /Hz, n = 8; t-test, P = 0.19). Strikingly, there was a strong relationship between the power of gamma oscillations and anxiety levels in the EPM in Saline mice (Figure 5g ). Higher gamma power was correlated with increased open arm time in a linear fashion (Figure 5g ; r 2 = 0.84, P o 0.05, n = 5). We subsequently confirmed this correlation in a larger independent data set of 129SvEvTac mice (Supplementary Figure  S6A ; r 2 = 0.53, P o 0.01, n = 12). Gamma power was not different in the open versus closed arms (Supplementary Figure S6B; mean gamma in open, 1.73 ± 0.18 × 10 − 9 V 2 /Hz; mean gamma in closed, 1.77 ± 0.19 × 10 − 9 V 2 /Hz; n = 12), demonstrating that the correlation is not simply a consequence of the difference in time spent in the open arms. Notably, this correlation was disrupted in adult MIA offspring (Figure 5g ; r 2 = 0.02, P = 0.71, n = 8). The correlation in MIA offspring remained nonsignificant with an r 2 value lower than that of Saline mice, even following removal of the MIA mouse whose data fell furthest from the best-fit line (Supplementary Figure S7) .
DISCUSSION
Histological studies of schizophrenia, bipolar disorder and depression have demonstrated abnormalities in interneurons that express the marker PV, while a non-overlapping population that expresses the marker CR does not appear affected. 1, 10, 17, 19, 28, 29, [38] [39] [40] 63 Despite these changes at the protein and mRNA levels it is unclear whether GABAergic transmission is altered in the PFC in these disorders, and if so, whether the functional changes are restricted to particular interneuron subpopulations. Using optogenetics combined with slice electrophysiology, we provide evidence that in an established risk factor model, the MIA model, GABAergic transmission is reduced in the mPFC. This reduction is due to a selective decrease in functional connectivity between the PV class of interneurons and pyramidal cells, while transmission from CR and SST interneurons to pyramidal neurons remains unaffected.
These cell-type specific functional changes in GABA transmission from PV interneurons were observed in the absence of any alterations in the number of PV-expressing cells or the number of PV or GAD65-positive perisomatic synapses. This suggests that these functional changes are not due to changes in PV cell number or anatomical connectivity. In contrast with the lack of anatomical changes, functional assessment of PV-pyramidal cell synapses indicates that presynaptic release probability is reduced in adult MIA offspring. Additionally, we observed a strong trend for GAD67 levels to be reduced in PV interneurons in the mPFC of adult MIA offspring. GAD67 regulates GABA production, 53 and microRNA mediated as well as genetic reduction of GAD67 expression in PV interneurons has been shown to decrease GABA release. 54, 55 Decreased GAD67 levels may therefore provide a mechanism to explain the reduction in functional GABAergic connectivity and release probability we observed in PV cells in the mPFC of adult MIA offspring. Moreover, this reduction in GAD67 in PV interneurons is consistent with what has been observed in histological studies of the PFC from patients with schizophrenia, where expression of GAD67 has been repeatedly shown to be reduced, 9, 11, [56] [57] [58] [59] [60] especially in PV-containing interneurons. 10, 27 Cumulatively, our functional and histological studies in the MIA model indicate that interneuron function can be compromised under pathological conditions, in the absence of anatomical alterations.
Previous work using a higher dose of Poly IC (5 versus 1 mg kg − 1 ) and looking at older animals (six versus three-month old mice) found a decrease in histologically identified PV interneurons in the mPFC in adult MIA offspring. 47 The difference between these results and ours may stem from the different doses used or the age at which the brains were assessed. For example, it is possible that impairments of PV functional transmission may be at an earlier state in the disease process occurring before alterations in PV manifest histologically. While we cannot rule out the possibility that our histological methods were not sensitive enough to detect subtle differences in PV synapse number, our findings are consistent with those from the schizophrenia post-mortem literature where the number of PV/GAD65 doublelabeled perisomatic puncta were unchanged in the PFC of patients. 64 Abnormalities in cortical PV interneurons have been extensively discussed in the context of cognitive deficits in schizophrenia, which include impairments in attentional set shifting and working memory. 3, 61, 65, 66 Animal studies have demonstrated the role of PV interneurons in generating gamma oscillations, 30, [32] [33] [34] which have in turn been shown to be important for attentional set shifting in mice 37 and to correlate with working memory performance in humans. 36 We found that adult MIA offspring show a deficit in attentional set shifting but not in another form of behavioral flexibility, reversal learning, which was actually was enhanced. This finding is consistent with findings by Cho et al., 37 who used optogenetic tools to demonstrate the importance of medial prefrontal GABAergic interneurons for attentional set shifting, but not for reversal learning. Our optogenetic inhibition experiments show that this holds true not only after pan-interneuronal inhibition of mPFC interneurons but also after selective inhibition of PV interneurons. We therefore conclude that the decrease in PV GABAergic transmission observed in MIA offspring could be causally involved in generating the attentional set shifting deficit. Why reversal learning is enhanced in MIA offspring is currently unclear. Reversal learning is typically associated with serotonergic and dopaminergic signaling in the orbitofrontal cortex and dopaminergic signaling in the striatum and alterations in these systems in MIA mice may underlie the enhancement in reversal learning. [67] [68] [69] [70] [71] [72] Despite the strong reduction in GABAergic transmission from PV inhibitory interneurons in the PFC in MIA offspring, we did not observe any impairment in two independent prefrontaldependent working memory tasks, the delayed non-match to sample t-maze task and an operant delayed alternation task. 69, 73 Although surprising in light of the hypothesized relationship between prefrontal PV interneurons and working memory, 3 this result is consistent with the findings from other groups demonstrating that MIA in mid-(e12) or early-(e9) gestation is not associated with later working memory impairments. 47, 74 In contrast, MIA during late (e17) gestation has been found to impair working memory. 47, [75] [76] [77] A dissociation between reduced PV interneuron number and working memory impairments was also found in one of the studies that utilized a higher dose of Poly IC (5 mg kg − 1 ) than used here. Although this dose of Poly IC produced histological deficits in mPFC PV interneurons in adult MIA offspring when it was administered at e9 or e17, working memory impairments were only seen at e17. 47 Our in vivo LFP recordings did not reveal a significant change in baseline gamma frequency oscillations in the mPFC of MIA offspring. As gamma frequency oscillations are known to be supported by PV interneuron function, 32, 34 this finding was surprising. We may, however, not have detected changes in baseline gamma power in MIA offspring because of homeostatic compensatory changes in PV interneurons, such as the observed increase in PV interneuron excitability. Although both attentional set shifting and working memory are thought to depend on taskinduced gamma oscillations, 3, 37, 78 so far this has only been shown directly for attentional set shifting. 37 Whether task-induced gamma is altered during working memory or attentional set shifting in MIA offspring will need to be addressed with future experiments.
Alterations in prefrontal GABAergic transmission have also been hypothesized to underlie affective symptoms, such as enhanced anxiety. 7, 62, 79, 80 Indeed, benzodiazepines have been used as adjunct therapy to treat anxiety in psychosis 81 and recent functional magnetic resonance imaging work suggests the PFC of patients with schizophrenia is differentially activated by benzodiazepine challenge during affective processing. 62 While healthy controls show decreased PFC activity compared with baseline when administered benzodiazepines, patients with schizophrenia exhibit a non-intuitive increase in PFC activity. 62 Similarly, in depression, decreased prefrontal GABA correlated with measures of anhedonia, and decreased GABA levels in the cerebral spinal fluid were associated with increased severity of anxiety, but not depressive, symptoms. 7, 79 Despite these intriguing clinical findings, relatively little preclinical work has examined a relationship between prefrontal GABAergic circuits and control of affective behaviors like anxiety.
We now provide several lines of evidence to suggest that GABAergic transmission from prefrontal PV interneurons is important for anxiety-like behavior. First, MIA offspring, who have a deficit in prefrontal GABAergic transmission, show increased anxiety-related behaviors. This finding is consistent with results from other groups using MIA models, which have found increased anxiety in adult MIA offspring. 49, [82] [83] [84] [85] [86] [87] Second, optogenetically silencing prefrontal PV interneurons increases anxiety-like behavior. This result relates to a recent finding that this interneuron population plays an important role in the regulation of fear expression in cue-induced fear conditioning. Using an optogenetic approach similar to our own, Courtin et al. 88 demonstrated that mPFC PV interneurons are required for normal fear extinction in a fear conditioning paradigm. While learned fear and innate anxiety are separate behavioral constructs, it is intriguing that both findings suggest that mPFC PV interneuron activity serves to suppress fear and anxiety. These results support a hypothesis proposed by Taylor and Welsh (2014) that prefrontal GABAergic abnormalities may be important for affective disturbances in psychiatric disorders. 7, 62, 79, 80 In further support of a link between PV interneurons and anxiety-related behaviors, we found that gamma oscillations-a neurophysiological phenomenon that is known to depend on PV interneuron function-are significantly correlated with anxiety-like behavior as measured in the EPM in adult mice. In contrast, in MIA offspring, the linear correlation between gamma and anxiety-like behavior was disrupted. Our findings are interesting in the context of other studies that showed impaired long-range neural synchrony between hippocampus and mPFC in MIA offspring, 89, 90 which may contribute to the anxiety and set shifting phenotypes observed here.
At this point it is unclear how prenatal MIA leads to the impairment in PV GABAergic transmission in adult MIA offspring. The high metabolic demand that makes fast-spiking PV interneurons particularly susceptible to oxidative stress may contribute to this effect. [91] [92] [93] Whether specific PV interneuron subtypes, such as chandelier versus basket cells, are differentially functionally altered in MIA offspring remains unknown, but is an intriguing question given that these different cell types may have potentially opposing functional effects on pyramidal cells. 94, 95 Future studies could address this question using genetic tools that selectively target chandelier neurons. 96 In conclusion, this work provides evidence that the function of PV interneurons is particularly vulnerable to MIA. MIA can lead to a decreased release probability at PV interneuron-pyramidal cell synapses, suggesting that a latent functional PV interneuron deficit can be present even before the deficit manifests histologically. Decreased PV to pyramidal neuron functional connectivity is sufficient to cause deficits in attentional set shifting and enhance anxiety-related behavior. We would suggest that this vulnerability circuit may also be affected in human offspring of mothers who were exposed to infections during pregnancy, with consequences for cognitive and affective behaviors. In support of this, schizophrenia patients with serological evidence of maternal infection during pregnancy performed more poorly on a test of set shifting behavior than those patients without evidence of maternal infection. 61 Our work suggests similar associations may exist for anxiety-related behaviors, which should be investigated in future epidemiological studies. Such deficits in specific cognitive and affective symptoms in schizophrenia as well as bipolar disorder may result from similar mechanisms as those described here.
